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SOUND PROPAGATION IN A DUCT OF PERIODIC WALL STRUQTUREl

U. Kurze
Bolt, Beranek & Newman, Inc., Cambridme, Mass., USA
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1. Introductlion

The duct of periedic wall-structure as a wave guide for
acoustic or electromagnetic waves is treated several times in
the literature with a transmission theory in which the effect
of the perlodicity is either ipgnored by three-dimensional
averaging over one period [1] [2] or is to be taken into
account by three-dimensional sectloning only in the form of a
ladder network [3] [4]. The period, which is determined by
the distance between transverse paps and screens in the duct
or resonators and the series of various absorbers and the
wall lining, must in the filrst case be very small with respect
to the wavelength., In the second case, the dilstance between
inhomogeneltles In the wall of the duct must be large enough
in order to be able to describe homogeneous duct suctions by
the propagatlon conditions for a basic mode and the higher
modes occurring at the inhomogeneitles by concentrated elements
of a network or reflection and transmlssion factors of a
wave gulde.

Both the formation of the average and the ladder network
conslderation presuppose a locally active duct wall for which
the wall conductance as the ratio of the sound particle velocity
perpendicular to the wall and the pressure is independent of the
field structure of the stimulating sound. The precondition is
always met when a sound wave striking the wall is propagated
in the wall perpendicular to the plane of the wail. Thus the
calculation of homogeneous, sound-absorbing ducts leads to the
development of a chamber damper based on a subdivision of the

1. Dissertation excerpt, Berlin Technical University, 1968
tNumbers in the margin indicate pagination in the foreign text.



absorber Into very small chambers by means of solld partition
walls. In ladder network arranpements the sound proepapation
whilch 1is exclusively perpendicular to the wall can exist in
solid porous material between resonators with a small coupling
surface in the wall or between screens in the duat.

The technical construetion of chamber dampers effective Jah)
over wide fﬁequeney ranges on the one hand does not allow
very small chambers because of the cost of material, and on
the other hand it does not allow a sclid porous absorber on
the duct boundary because of the small wall reslstance requlred.
It can be seen from the example shown in Pipg., 1 how the form

of practically applicable
IR S e o
SR i
-

dampers therefore lles between
! the limit cases of homopeneous

b fmin |t e mimnmi 1w menes - WAL LInding and laodder network
(2 W e structure, The duct boundary
for any arrangement of absorbent
Flg, 1., Model for noise material in the chambers is
%:?pigmggéggiﬁgisgil Vining advantapgeously characterized by
(b} ladder netwark means of a limit condition on

{(¢) technical version of the

chamber damper. the 2 = h line as with a

computer mpdel with very narrow
partlition walls. This also makes posslble a comparison with
the results valid in the computer model. However, sound
propagation cecurs parallel to the duct between the partition
walls at least to a depth of = ht as with the model of the
ladder network, so that at = h no locally actlve boundary

gan be assumed.

£7

Calculation of the wave propagation in periodic structures
is possible in pwineiple if the field is described with three-
dimensional partial waves. The applicability of this method,
which is common for electromagnetlc delay lines, to acoustic

euel ke Renuas SRNNNE TUNNNE S HES (s intiel SRS SNhas: Sanaans Snumt SRiutr S ST SRR BN AR SN ISt thatd it ey



wave guldes has been studied by Mechel [53. It supplles the
desired propagation constant over one period in the duct
menerally from a system of transcendent equatlions. Mechel

was able to produce the conversions for the velocitles
perpendicular to the wall for a comb structure without absorbtlon
materlal with the assumption of simple relationships. However,
1f the prerequisite of a locally active boundary is maintained,
the results decribed only the effect of the tooth width,.

The effect of the chamber width in the case of very narrow
partition walls as the teeth of the comb, such as occur with
noise dampers, is not ascertalned in this way.

The present study concerns the description of the boundary
condition for a duect wall subdivided into broad chambers, taking
into consideration coupling in the fields behind the wall and
deductien of the propagation constant in the duct over one
period which is about equal to the chambex wldth., To this end,
special efforts are made to obtaln explicit approximations.

2. The Absorber Divided into Chambers
2.l Measurenent of Wall Admittance

The questlon as to what extent a non-locally active duct
boundary occurs in the case of a wall subtdivided intc chambers
gan be anawered using measurement method to determine the local
variation in admittancc on the line z = h:

X (1)
For measuring wall resistances W{(x) in ducts with a noise
field on which more precise data is not availlable, the usual
methods fail whilch give the resistance from the reflection
factor. Another method can be used, however, which from one
measurement permits direct reading of the real and imaginary
portion of the complex wall transmittance with respect to one



pressure level

Plotting the level difference for the wiath Ay = h aecording to /76

1

parxmeLLv The basis of the method is the velatlonship:
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- which 1s valld with the {fellowing equatien in a free seund [leld:
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With p = Ip'gj‘ba bhe aplittinb up ‘int@j r(:}a_l ﬁnn-ld 1nmginm'y
parts tburns out te be: o e

“E 5 ¢ n ml‘,} (3&1)
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; et (30)

From this we ean direetly deduce measurement rules for the wall
admittancy mulLipliLd Ly the. angulay veloelty w and  the
denb@ﬁy of phe gaa p in front of a wall., If we measure the sound

, A T D

then®the slope of the curve at point 2z = h plotted aleng the
dne x = xy ds: ;

Kw Lt . U, s g oty

ﬂ“ Eoah 1\“: :
‘ __ (5)

A

1. The method was alsoe glven by Mechel [6]. lt &lb@ serves
to measure the "noise radiation ab the oublet opening of
dueks." an arbicele by the author of this paper [14] has been
published on this and bas led "#o the develepnment of a device
Por complex sound field measurements™ [15].




the graph shown in PFlg. 2 gives us:
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The voltage on the sliding
contact of the level recorder
ww—; which records the level L(JO,Z)

S S g h
is:
Filg., 2. Plot of the levél gradient f’{y pli ey g
gradient and phase gradient, il ? v (7)

If we form the difference with a fixed voltage erj ’, whose
phase ¢, 1s less than ¢(x0, h) then we obtain:

-

¥ ! W phie E U"!;':E gy " La?u

(8)

in the vieinity of z = h. The slope of the;voitage recorded
with a linear recorder at the peoint"z = h 1s:

Al ] T Ilfji‘i .
I T3 LR P (9)

Tor plotting purposes the voltage ‘difference AU for the width )
Az = h is conveniently related to the voltage U, as per Fig. 2 "

il F‘——\_ﬂ : o g
b \l h(nwﬂ th{mqhﬁ (10)
Uy Uy el 0|

2.2 Exampleé : e

..(.-
8

The practical execution of the measurement was carried out
in a experimental setup as shown in Fig. 3. A duct with‘gn inside



il ) cross—gection of 0.1 w x 0.2% m
iofel was lined over a length of 1.8 m

{?5 IRTTITITEa IRARAEE on a broad side with an absorben
9 M[i%fy-Jﬁrilg*Lﬂf;jfifﬁffi;j divided dnte compartments of
b%! . %L%{M} [@» t§‘ width 1. T was stimnlated Lrom
RfﬁMJWWA‘~~~- meuf““"fj one end with pure tones whose
y frequency was controlled with

Fig. 3. Mesgurement arvangé» the mebter %. The oppeosite end

ment for de.drmining the leeal was c¢losed with a cover which

gii% gggégggﬁﬁeméﬁeiigﬁft Lned wog almfsﬁ reflection-free for
frequenvies above 150 Hu.

The changes in sound pressure transverse to the axiws ér the
duct were measured with a continuously adjustable probe tube
connected bto a one—ineh condensor wmiercphone M outside the duet,
Because of the small inside dlameter of the probe (3 mm), 1t
was possible -teo scan the sound fleld in a pointwlse fashion.

P e P ATl Ak = =T Yl AP

The level of the voeltage glven off by the microphone Mq ’
was recorded after selective amplification vie a terz (tertiary?]
filter - analyszer with the sound recorder P8. To measure thé
phase a voltage propertiponal to the slide contact vblﬁage of
the sound recorder was applied to the dlfferential amplifier

B, The required reference voltapme was pv@vidéd by a second
gﬁ nicrophone My which was placed in the duet so it could be o

i

I el o S s e Eart iy

moved in the lengthwise direction in order to adjust a desired{\ %
phase. The difference of the voltages adjusted to the same o k
namplituae% with repulator R was recorded wibth the linear " '
recorder LS. '
e -
7 Measuvements of wall admittances were carried out for o

various arrangements of a thin absorbent layer of Sillan

© SpT/100-20 whose flow resistance was determined to be r' =1
first of all with parallel flow at aboub r = ho Rayl, g7
with pespect te the charvacteristic resistance of air. On one

v e 3




~8lde the layer of absorbenﬁfmaterial, as shown in Fig. 3,

was applied centrally in compartments 20 cm deep, and on the
other side directly on the duct. The loei of sound and

Kphase measurements are plotted in Figs. U and § on tWO lines-
symmetric with respect to the middle of a compartmenb of width

b = 10 em at distances o7 14x = 42,5 em and Ax = 47.5 em from'
the beginning of the absorber section. In comparison with the @~
theoretical loci for wall admittances with perpendicular
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Fig. 4. Lociof the normalized Fig. 5. Loci of the normalized
local wall admittance. local wall admittance.
X--X Measurement at x X--X Measurement at.x = 42.5 ecm

h2.5 em - o 0**'0 Measurement at x = 47.5 cm
0«0 Measurement at x = - Calculation for perpen-

47.5 em dicular sound wave incldence and

Caleulation for perpen- an absorbent layer with r' = 1

dicular sound wave inoidence St
and an absorbent layer with
rt = 1.



gound wave incidence, the influenee of the compartment width
1s obvious with strong local variations for the measured
admittances. . o

A sound wave incideﬁee”émplirled over the entire width of ,
the compartment with respect to the averape value in the |
section close to the transmibtiter is characterised by an increased
redl portion of the wall admittance, The sound wave aireaﬁx
dampened on average by the duct up to the section of the
conmpartment enbrafice away from the transmitter their allows
an inereased putput of sound froem the w«chamber inte the dust
so that the real portion of the wall adwittanee 1s reduced or
even becomes negative,

Ty
=T

3

2;3 Boundary Condltion

The local variation in wall admittance in the case of a
duet wall divided into cnmpartmenga 1s a property on the cne
hand .of the exeitlng sound field énd, on the other, the
geometry and materiar constants of a porous -abserber in the
compartment. Ih order to formulate a beoundary conditden, the =
effects of the excitatlon conditlons have to be separated from -
the wall prmwertieb. This is poss sible with a mode reprusenation
wilth which bﬁe sound f{leld in a compartment can be completely
deseribed. The prepagation condition for each mode’” 18 glven
by its characteristic wave impedance. The interaction in each
case of two copposing modes can be formulated at the c@mpartment
entrance_as a boundary condition for the duct.

Iﬁ\the case of a rectangular compartment with-hard
partition walls divided by the interval b, the following mode
equation is valid: @ T

"

’ N i .
plaat o i, voom NN -
| - (11)
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wherice it follews with the-standardization £ (k) =1 that:

TR o

pha, i) ;\‘;:L 18 !s » .— (12)

L5

If the sound pressure p(x,h) 1is known only at m roints in the
compartment entrance, then the discrete Fouriler synthesis Wit%
m clearly defined modes 1s to be used. It representation with
column vectors for the pressure distributilon and mode amplitudes

ST

P P ) T
(:‘ ) W "* (13)
.p,--r.‘ A i {;"J‘ ‘
a A
’ ¥ : - 111
: W Y ‘ i ( )

e

and with a coefflicient mabrix JMA

)

3| Ry v S g S

Al Apy o oeee S1m oy ‘
\ < " . | L o
U . : :!J‘Iy W g [Nt EJ ’ (15 )

~
o

- gives the following equation in place of (12):

P, = CA. | (16)

Converslon to mode analysls looks as fiollows:.
[ )

=
1

- L ,
P (17{

A= gt

[

The inverse matrix ™% is especlally easy to form 1f the grid
points at _ —

A 2 i ‘_.f'/f (18)



e T

are equldistant and symmetrieal to the duet walls., Essentially

ther we only have to form the tranbposed matrix of € to obtaln
the iﬂverse matrix ¢ 1 :

2 '
wt s
d - (. i : 2 =:i';\tll ba li;m; '. ( 19 ) .

b1 ® L3
Bkt 1 e Dan e 14

The mode expression (11) now leads S0 the formulation of a
general boundary conditien by whiech with the graﬂienb formation

ﬂ“p g rar 3 :
& o Au L L T ’
s ’Lhej pla, el r__‘,nl,,me. h g {2} (20)

Ll

and a definition, possible dccording to Eg. (3), of standardized

- admittances_bv for the modes at the compartment entrance

TNEE e L -
Ly STk | (21)

=

‘the pressure gradlent at each roint x infront of a compartment

1s combined with the pressure curve, characterized by the mode
ampllitudes Av, in front of an entire eompartmant~widﬁh:

1 - Ly
PO WO /) TR Y I ST\ . .
I il» I ' b H (2 2 )

Pl o [1 5%

By exclusively considering*mnp;essuré gradients at the point

#
[“JJ " .
P | (23)
 hedy

RrTpe ey



ced wall admittances

sharacterized by Bq. {18), only m-1 standand
L, of the higher modes can be deternmined, whiceh are summariced

as fellows in.a dlapenal matrdx:

(24)

In place of Eg. (2 @), the followlng boundary condition is then

valid with Eq. (17

el tene e,
ok (25)
In connecting fhe pressures with the pressure pradient a
gimd ial'iby transformation
(28)

CLC Y L

must be used on the admittance matrix L.
The standardized wall admittancesgLvare‘CIEEPly determined
the abscrbent materisl in it,

by the form of a compartment and
telegraphic equation

For example, the solutlon of the

e HI Sy : § .
W - ; (i L
: s (a7}

for a ructanhular c@mgartment of depth d £illed with a homogeneous

but anisotropie absortent material in whieh thL wave numbers

Eime

11




<

i |
. Y/ |
o - [ / b‘x
are increased with reepect to the wave number k in air due to
structural factors of the absorption material Xy OT X, and becomes

f o

comp]ex due to the length-specific resistances B, and Z, , glves -

the standardized mode admittances: 29

A T

Sk g ko I ar':up o - (29)

) ” . |l E o badive
i*é;:. 4 - anlu“ﬂ' a ’ 1 ( ,'z)

At

The reaction of the“hard end of the compartment 1s characterized
by tanh., It is negligible if the higher modes excited at the

compartment entrance in-narrow compartments fade away aulekly.
. Then in the .special case of isotropic abscrbent materlal we
obtain:

e

v ; : g h l
b A (30)

" In narrow cOmpartnents without -absorbent material or with

absorbent material in a depth in which the higher modes have
alreadylgubsided, accordlng toﬁEq (30) ifﬁ-'I— is real and
independent of frequency. By contrast, 1ln narrow compartments
withfabsorbent material iff becomes imaginary and proportional
to frequency, i.e. at low frequencies it becomes much sSmaller
according to the magnitide. Substantially greater values and
a change ;n sign for Lv oceur if modes are propagated as waves
1nh wider compartments. Using measurement techniques 1t was
possible to prove this behavior from the results plotted in
Figs. 4 and 5 by eliminating the excitation conditions with

the additlonal measurement of the sound pressure curve at the

. compartment entrance.
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3. Solution of the Wave Eguation in a Periodlc Duet with
Couplings in.the Wall Lining u g

To cealculate the“sound p}opagation in a perlodic duct in
which the boundary condition. (25) is valid for =mach section
with regular baftition walls in the wall lining, a periocdic
solution  ° . “

]

pr. s e Py 4 I..i ‘ g

(31}

of the wave equation.
7

A N

® -
wYp o

~

(%]

’ Gat : ek o i_y“lﬂ v (32)
is sought which gives the propagation”constant ¥ as a functlon
of the frequencj, the dimensions of the rectangular duct and
the standardized admittances of the compéftment modes. In
place of a solution which is possible in principle with the
setting-up of partial waves whieh~1eads'implicit representation
with transcendental functionyg, a differential calculation j

~adjusted to the disc&ete Fourier analysis of the limlt wvalues
1s used from which expliclit approximations can be derived.

3.1 Two-dimensional Differential Approximation

W
o

Using differential calculus the continuum of the’duct is
"broken up into individual elements, on the connecting;boints-of_
e which the sound field is ex-
ﬁiﬂ. clusiveily considered. As shown
PR J : ”g ﬁ : ~din %igL\G,M;or this purpose the
{‘: Lo b x,% plane of the duct is
‘ ] ; covered with a scanning field
D which subdivides the compartment

=

!

3

!
T

i

g e b T width b, which is about equal to
C 42;- mon the period lenght 1, into m

Fig: 6. Scanning field for sectlons and the duct width h
differentlal calculation. ; E

13
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into n equal sections, In each scanning element with the -
dimunsions Ax = b/m and Az = h/n the differential quotient

of wave equation {32) are approximated by central differential
quotlents. - At poin*s wilth the seanning coordina??s 1,3 this
glves the diffcrenfial equati@n :

/i

Py 11.& R LRI E LW NP 3 I T t : (33)

§ —
wherein:
b gy - (311) B
{im} &
TR -
L A T P (35)

?Pp differential equaﬁianﬁis to be written dowu for all
ucanninggmnntbi j whieh lie- yithin a period of the selution
range qf the wave equatlon L Lhe‘buCu and -on its boundary,

For a clear representation, in acclérdance with Eq. (13) the
pressures of a scanning line are combined with the number | into

HT column matrix P‘,j The pressures outside the basis area are

connected te the pressures wlthin the perdod in guestion by
two indupenﬂent periodicity conditlions a
«
ey Py

Praovig ;""Jﬁ_#"u:f (36)

in adﬁovdance with Eq. (31) with 1 = b The mabtrix representation

of the differential equation systems for all lines J looks
as fellows:

o

. : N 1 . :
(»‘,‘":“«= (; ) 0. (37)
Lo BEAAD,

In this arrangement E stands for the unit mabtrix and
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The vectors Py and P .. comprise pressures outside the duct
boundaries and are to be expressed using the boundary condlition
on the hard duct wall and the absorbent duect wall by vectors
within the duet. With the scanning situabicn as shown in

Pig. 6, the hard duct wall as a symmebry line determines the
followlng relaticnship:

P, Py . ’ . (39 )

On the absorbing wall the differential approximatlon of
boundary condition (25) gives the following:

. L1 “ E ]:r » ,
=Py - I Py - Bl h Pe. (uop
The boundary vector Ph which is“not'obtainedédirectly using
- / -
the differential method 1s formed from the arithmetic mean of
. the vectors adjaceﬂt to the boundary. Thus we cobtain from
‘Eq. (H0): ' ‘ "

=

. . ‘\‘ l . ‘“l [
Py Ft- B -}«2(1& 4 k,’fj i Py

(41)
With the elimination of P, and P, ,, ve get the following . /80
homogeneous set of equations from Eq. (37): M
" DLE B P
LoD K \ .
T o . 0.
B R VI DR P,
L b-n E-—-?,(Eé HI)'U ] i P ! : (“2)
* o h # W A




The desired eigenvalues yb which are contained in the matrices
D are given by the zero points of the coefficient determinant.
Their continued fraction representation looks as follows:

\ =1
mq“) £ 2K P;l

a | (43)
DD DBl o,

A polynomial representation can be given if using

D

det U( ) ‘!' . _" e ) (uu)

we define a polynomial Uﬂ of the n-1 degree for the determinant
with (n-1) lines. The coefficients of this polynomial are then
equal to those of the function Un(x)/t/T—xz, whereby Un (x) 1s
the Tschebyscheff function of the second kind of degree n

(7], [8]. Withdefinitlor (44), the eigenvalue determinant of
Eq. (42) can be represented by

or by

lll'l.’ Sl E+s,.2 [I': i
Lrve | \ 2n

(45b)

in which Ty and s, are “o be formed from the coefficients of
the Tschebyscheff functions pertaining to Eq. (45a). The
polynuvmial of the nth degree of D accordingly has many solutions

Nt s of which in a long duct only the one with the smallest
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amount of damping is interesting.’ The explicit solution”for

‘the thus characterized fundamental mode as a functilon of the-

boundary condition is only possible for small n's, 1.e. for
a few intervals over the compartment width., - However the
accuracy of the results is good for ducts which are narrow in

relation to the wavelengths and thus which are especlally

Interesting for noise dampers.

3.2 Extention fo the Homogeneous Ducht Theory

In a duct on the absorbent wall of which no coupling

ctcurs, the element&LV of the admittance matrix are all equal.

With Egs. (21) and (26), the following relationship holds:

-

1o B Jhhor
A

Ly - I3

I, ' ) (U6)
3 o

The period in the duet is b/m. The limit transition to an
infinltesimal subdivision with m + » is equivalenb to an
interval subdivision with m = 1 and b lao‘ ,;or m= 1 the
matrix D deteriorates to: & .

-

1 A‘J‘I‘ s 23 ensh i [T

(47)

In the limit transition b ~» 0, with cosh yb = 1+1/2(}b)2
Lhe abbreviated terms (34) and (35), the fellowing equation
holds: 2

p o {ERY e (TR
L”)"‘ ngj (48

Eq. (45a) to be used on simple numbers with Egs. (46) and -

(48) gives the following implicit result known from Morese [9]
and Cremer [10] in the limiting case n » w:

jrow

. PR andh 1R R, (49)

"-ﬂ.
£ .
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but at n = 2 already the very good explicil approximation:

!

«L / A ;- o1 i ,.f’ 5 . .
?Jk‘flh(jh) %kéﬁa |4u.-“’f"ba L Y‘ (50)

" jkhor Cikher

Ao

The propapation constants of two modes are characterized with
two signs in the radlcand. The nepative sign belongs to the
more weakly damped fundamental mede. In accordnee with Eq. (50)
1t is no longer possible to make a distinction between the

two modes if with '

W & ane e i
22
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C
N

the condition given by Cremer fof this purpose for the optimal
wall resistance -

-

Wyn

pe o 1,1‘3 R

- (52)

™~
o
!_.l'

is almost fulfilled in which the pgreatest damping ol the
fundamental mode occurs. The propagation coustant

=3
(2 a1 4 ) — el
i

(53)

to be calculated for-Eq. (51) represents a goed approximation
for the exact optimum value

(00 or - 1A 20 b f “
(} !'.I.M. 1 E,] 3 ! EL{ (5“)

of the homogenous duct.
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7. Calculated values of
damping constant Re {yh}

as a function of the frequency
parameter kh/r,

(a)

XXX

(b)

000

”compartments of width b

W = po. :
Homogeneous wall, cal-
culated values as per

Egq. (50):

in a wall subdivided into

h
without absorbent material
at the compartment entrance
W = wopt

Homogeneous wall, calcula-
ted values as per Eq. (53),
Homogeneous wall, c¢alcula-
ted values -as per Eqg. (54),
in a wall subdivided into
compartments of width b
h without absorbent
material at the compart-
ment: entrance, calculated
valués with WQ as per

Eq. (51),

Maximum damping

Re{yh}

——
=

max’

The damping censtant in
the form of the real portion of
Eq. (53) is plotted in Fig. 7
in comparison with the damping
constant for the optimum wall
resistance, according to Eq. (54).
Onily at higher frequencies op

‘wider ducts does a small and

restrieted error ocecur.

The frequency response
of the maximum damping in the
homogeneous duct shows the-

- aquality of the differential
" approximation only in the

extreme case, but it is important
only for very narrcw band noises.
For wide band nolses the relatlon-
ship between the optimum‘wall
resfstance and frequency cannot

be established [11]. In this
case, larper wall resilstances

are more favorable for which,‘

as an example, W =
Calculated values for

pe is
treated.

this wall resistance are deterhined

according tc Eq.
shown in Fig. 7 in a frequency
range in whieh simple %
approximations fail. '
parison with the values which
can be read from the Morse and
Cremer damping chartsgﬁerrors
of less than 5% arise which are
Just less than the reading

s . & -
(50) and alsol .-

In com-~ kY
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ggouracy. Thus the result glven by Egq. (50) can be used in-
place of the demping chart drawn'to evaluate Eg. (49) in all
technically interesting'cases 1L é numerical determination,
wlth a computer, of the propagation constant as a function of
the wall resistance requires and explicit repTésentation.

R

3.3 Effect of Couplings In the Duct Wall

Initial information on the effect of the compartment width
is given by plotting Eq. (43) for narrow ducts in which with a
large wall resistance wo an almost flat weakly danmped sound

" flield is present Only n = 1 scanning line over the duct

width and m = 2"scanning lines with narrow compartments have to
be taken into account, For the famillar approximation equation
of the propagation constant

il

e

?9Jh4"“1n Ny (55)

J'Ji

the calculation gives a correction factor:

T

~, 18 { IJ ) ) R \‘»L Y
]~ a9 h& whj' T (56a)

In the cascof compartments without absorbent material at the
enterance, for which Lq’-
in agreement with the‘result of a more rigorous calculation by
Collin [12] for the analogous electrical problem. Collin gives
a In2/m-fold orifice correction for the compartment width b as
an addition to thl duct helght h<of a rectangular duct and an
equivalent deduction from the compartment depth. This gives

a damping reduction in the duct with the factor:

1, the correction factor is almost

- B (56b)

e o Aot a1 I S I T T AL T T
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In addition to the good agreement af'ghe numerdcal factor, - 282
(56a) also gives quantitative information ¥m the effect of
absorbent material in the compartment. Ll is alreédy very
small with small’ losses at the compartment enbrance, so that
no correction factor has to be taken into account,
7 ‘ -

ﬁfﬂibh only two reference lines over-the compartnent width
an appr oximation for higher frequenzies or wildey cumpartmentb “
15 no longer admissable. Nevertheless, qualltatively correct
relationships are still evident in the vieimity of the [ipst
parallel’ resonance of the compartments at kb = 7w, There the
duct damping, accordinb to the approximatioﬂ with n = 1 and
m = 2, turns out to be preportianal to the product LO 1
If as a result oi small losses in the compartments according to
Eq. (29) Llﬂbecomes small, the sound propagatlion is only
slightly damped. Compensation 1ls posslble by means of an
" especlally large admittance LO This hashalready been pointed
out by Ingard and_PridmoruuBrown £13] 0n Lhe basles of ’
experimental findings.

. My

More exact caleculated results for sound-absorbent wall
linings were determined with a scaﬁning fleld of n = m = 2 and
are plotted in Fig. 7. Assuming that there is no absorptien
matéfial at the entrance of the compartment, calculated values
with a scanning form factor of w = 1 for tHe wall resistance
Wy = pc show an inereasing reduction in the damping effect with
inereasing frequency in contrast to the case of the homcgeneaus
guet wall. With the first parallel resonange in the compartment
at kk = m, the damping is 0, if without absorptlon material the
wall admibtance of the only considered first upper mode is

MThe reductlion in damping is even greater with the same
scanning field in the vieinity of the optimum wall resistance,
This 1s shown by calculated values in Fig. 7 for the wall
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e

qescri%Ed in section 2.2.

. resistance W, according to Eq. (51) with unobstructed coupling
et the compartment entrance. Taking into consideration a higher

compartment mode, however, the route in Eq. (50) giving the
difference between the bottom mode and top mode in the duct is
changéd socthat the damping caieulated with Eqa. (51) no longer
represents the maximum value. From the new zeropoint of the
route a smaller optimal wall resistance Wy with increasing
coupling can be determined in whiech case the maximum damping
in the duct established itself with a disappearing difference.
for the bottom mode and top mode. For maximum coupling at

L, = 7, the calculated values of Re {Ynﬁmax to be sire lie
below the curve for the't Qmpgeneous duct in Fig, 7, but not

to the extent as is calculatnd in the neighborhood of the

wall resistancﬁ using Eq. (525. figain a calcglated result for
bh@_frequencl“parameter kh/® = 1 is not given, since there

no damping is produced with L, = 0,

y 3.4 Examples

~ Numerical analysis of the differential calculation is
performed on a small digital compubter using a scanning field
with n = 2 lines over the duct wildthh h and m = 4 lines over
‘the compartment width b for swo technically\;nteresting noise

damping arrangements. The results are compared with measurements

made in a duct as shown in Filg. 3 with the wall linings

; 2 S
1 p ﬂ .
= ——rr—_ N
' : -~ f N

Assumirig local action of the wall iﬁnirés, the propagation"

constant in the duct as per Eq. (50) is calculaged as a
function of the frequency parameter kh. The real pevtion
or the damping D, = 8.7 Re h dB with respect to the length

b is shown in Figs 8 and 9. They show characteristic damiping-
maxima -when the compartment depth 4 1s an odd—numhereq multiple

of a quarter wavelength. The damping minimum occurring in
g 8 ab the resonance of A/2 is avoided in Fig. 9 by the
absorbent material arrangement,

i

- J:_<__ - .H,.,'
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Fig. 8. Calculated values for Fig., 9. Calculated values for

duet damping Dy, = 8.7 Re{yh}dB duct damping Dy = 8.7 Re{yhl}dB
as a funetion of the frequency as a function of the frequenecy
parameter kh for different parameter kh for wvarlous flow

flow -resistances r' and locally resistances r' and locally active

active duct walls. duct walls.

When comparing with measured values the strﬁﬂg dependency
of the‘propagaﬁibn constant on the exact value of the flow
resistance of the absorbent material layer must be taken into
account. As the calculated results plotted in Figs. 8 and 9
show, changes of as little as 20% have a considerable effect
on r' at the compartment resonance frequency.. In practice,
such tolerancethithin ausample of absofption material must be
-taken into atkount. )

Calculated results on_the effect of the compartment width,
which is taken into account. by the propagaticn of three higher

~
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Fig. 10. Affect of the com-

partment width eon duet damping
() Caleulagted values as
a function of thke frequency
-parameter kh, )

Dll L}

{b) measured

_valuks as a function of the

frequency T.

modes in the compartment, are
plotted in Figs, 10a and lla.
As Filg, lla she.ss, the effect
without abserption material at
the compartment entrance is ”
already clearly noticeable at /
the fipst low resonance, even f
1£ the compartment width is
still small with respect te
the wavelength., By conbrast,
as Fig., 10a cleariy shows,

in the presence of more Dorous
absorption material at the
compartment entrance it first
causes a reduction in damping
orly Just below the first
parallel resonance in the

s

compartment.

The parallel resonances
in the compartiments have damping
minima which with simultaneous

s.antiresonance in the compartment -

depth are str&ﬁgly‘ﬁronouneed,

~however in conjunctior with a

rescnance they remain restricted
te a narrow frequency range.

At higher freguencies,-
rebonances of the upper mode in
the compawtment depth determiiie
Laditional damping maxima, The
frequency parameuer of the first
maximum is estimd ea using
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Flg. 11,
ducting dampling Dp.
Tunetion of the frequency parar<ter kh, (b)

(b) measured values as a functlon of the frequency

Effect of the compartment width on the
{a) Caleulated values as a

"

Eq. (29) from the conditiont

ol i & 5 b Tl\ |
Jyﬂ W F ¢ I 3
’ {87)

E 2

With d@/h = 2 we obtain for b}g = I the freguency parameter

kh = 1/8 VZ3;-for b/h = 2 the value kh = n/4 1> ind for b/h = 1

the value %h = /U V17

i
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-~ Comparative measurements were carried out in a rectangular

" duct 1lned on cne side with absorbent material with a width of

h = 10 em and a height of H = 25 cm for compartment wlidths of
b = 10, 20 and 40 em up to £ = 1400 Hz. The measurements were
made with pure tones and also with narrow band noises. In all
of the arrangements the absorption material remained unchanged.
Only occasionally it was removed from every other partition

~wall. The sound pressure level plotted in a dynamics range
- of 50 db had a strictly linear curve with deviations of less
than 1 db from a stralght line, as long as the higher compartment
modes as near fields at the compartment’entrance produced

exponentially subsiding surface waves 1u the duct which no
longer significantly'affected the sound field on the microphone
placed In the middle of the duct.

The mpasured results for the damping with,resgect to the

‘duct width are shown in Figs. 10b and 11b. The quantitative

agreement with “he calculated values is satisfackory. Small -
deviations arise at loﬁ frequenciles due to the duct cover
which iqwﬁot completely reflectlon-free and also at higher
frequencles at which the 2~-cm thickness of the absorbent layer
has an effect. Utherwlsé, however, the effect of the

periodic structure with the influence of transverse and longl-

_ tudinal resonances of higher modes in the compartments turns

out to be in agreement with the calculation. Only the extreme
values limited to very narrow frequency bands iﬁkthe damping
curve appear less pronounced, which 1s to be attributed to
small irrepgularities of the compartments and, at higher
frequenciles, especially to the finlte thilckness of the .
absorption material layer. Practically speaking, there- the .

iincresed eigen frequency of the wide compartment in comparison

witr ‘the one-dimensicnally active, narrow compartments, has a
smoothing effect on the frequency fesponse of the propagation .
constant. In comparioon with the homogeneous duct, the y
reduced but wlde band damping effegt of the méasurement_éxample

~
<o
N



with compartments having a width of k= 20 em dn Plg, 11 b
makes the prineiple Interesting, fr%@}a technical standpoint,
of' the absorptlon material arrangemeﬁtiin the form of a
thin plate mlidway 1in the depth of the compariment. .
.
I would lilke {o thank Prof. L. Cremer, Ph.D. Eng., for
his encouraging interest in this study.

Submitted August 8, 1966.
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